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Absolute wavelength measurement of the Lymanw transitions of hydrogenic Mg*'*
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The wavelengths of thesl,»-2p4», and 1s,,,-2p5, Lyman- transitions have been measured in hydrogenic
Mg with an accuracy as high as 24 ppm. The measurement was carried out on an electron-beam ion trap and
utilized a quasimonolithic crystal setup absolutely calibrated relative to optical standards. The resulting values
for the two transitions were 0.842 5®.000 04 and 0.841 990.000 02 nm, respectively. The measurement
confirms calculations of thest2p wavelengths and tests the size of trellamb shift to within 13%.
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PACS numbsefs): 32.30.Rj, 12.20.Fv, 31.30.Jv

[. INTRODUCTION fects, for which it was very difficult to estimate the experi-
mental error, it was subsequently replaced by a method in
Hydrogenic ions are the Simp|est atomic systems and prthICh bare ions from a heavy-ion accelerator Were deceler-
vide the key to understanding and testing fundamental thecited and allowed to undergo charge-transfer reactions, result-
ries. The Dirac equation describes the energy-level separd’d in a 41-ppm wavelength measurement of°C[10] and
tion between then=1 and 2 levels, but small corrections @ 13-ppm measurement of Ni [16]. The best wavelength
must be added for the nuclear size and the effects of quantuféasurement from a plasma source, the Alcator tokamak,
electrodynamicQED), i.e., for the so-called Lamb shift Was reported for A" and achieved an accuracy of 11 ppm
[1,2]. The corrections are largest for the [evel and affect [_13]' Because the 4 Lamb sh_|ft_|n Ni is more than four
transitions in the Lyman series the most. Measurements djmes larger than_ the Lamb shift in Cl or A, th_e Ni measure-
Lamb shift of the & level in atomic hydrogen have been ment[16] determines the Lamb shift with the highest relative

made with very high accuradig,4], which have provided accuracy(2%) of such measurements in hydrogenic ions to

. . . date.
stringent tests of theory for atomic hydrogen. Small but sig- In the following we present a measurement of the transi-

nificant discrepancies with calculations had been noted that fthe L ‘ i i hvd ic Mg*
persisted until it became possible recently to solve for_tlon energy of the Lymar transitions in hydrogenic '
i.e., the Dj,—1s), Lymanw; and the Psp—1sy,

higher-order, two-loop correction terni$§] in the calcula- e
tions. Lyman-w, transition. The measurement was performed on

the Lawrence Livermore National Laboratory electron-beam

and it becomes a sizable fraction of the Lymarnransition ion tra_p(_EBIT) facility using an absolutelly calibrated quasi-
energies. In M§** the calculated contribution to theslevel monolithic crystal_setqp for the analysis of the emitted x
is 0.28 eV or 0.02% of the total transition ener@]. This  '&YS: Absolute calibration of the cry_stal meant that no refer-
compares to a mere 0.000 33% in atomic hydrog&nAs ence lines were needed to determme_ the wavelength of the
increases, an increasing fraction of the Lamb shift is from thé_ymang tranS|.t|ons and that the resulting values were deter-
vacuum polarization contribution. Moreover, higher—orderm'ned in Sl units. Moreover, because_ the EB”— SOUrce uses a
terms inaZ become important. As a result, measurements Ofnonoenergetlp gzlectron peam 'to excite the ions aqd operates
highly charged hydrogenic ions test different aspects of QE%] the low-collisional regime with an electron density below

The Lamb shift increases with atomic number asz)*

2 a3 it

theory and complement the measurements of atomic hydr 5% 10" cm -, pure Lymane trqnsﬂmns_gre produc_ed un-
gen, even though measurements of the Lamb shift in lended with any type of satellite tran_s;ltlons resulting _from
highly charged hydrogenic ions have not yet approached th@_e presence of spectator electrons in mglevels. This

accuracy, either absolute or relative, of the measurements 8{|m|nates the ”ee.d to acqqunt for blendmg.wnh unknown
atomic hydrogen. amounts of satellite transitions, and there is no need for

Highly charged hydrogenic ions are produced in high_Doppler-shift corrections. In fact, systematic uncertainties in

temperature plasma devices and in heavy-ion accelerator fQur measurement, which achieved an accuracy as high as 24

cilities, and a number of Lamb shift measurements have bedfP™: Were insignificant. Instead, the_ limitation of the accu-
performed using such ion sources. An overview of thesda%Y of our measurements was dominated by counting statis-

measurements involving ions withi<30 is given in Refs. tics
[7-16]. The best accelerator-based measurement was re-
ported with a wavelength accuracy of 5 ppm and used the
recoil-ion technique[12]. Because the accuracy of this The Lawrence Livermore National Laboratory EBIT fa-
method was limited by spectator-electron contamination efeility has been described by Levie¢ al.[17]. The facility is

Il. EXPERIMENTAL ARRANGEMENT
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FIG. 1. Schematic of the quasimonolithic setup. The two crys-

tals are separated by a spacer of lengthBragg reflection of a FIG. 2. Spectrum of thef2;,— 15, and 205,,— 1s;, transition
monochromatic line source results in two images displaced by @ hydrogenic Mg'*, labeled Mg Lyr, and Mg Lya;, respec-
distanceA on the detector. tively. Also shown are best fits using Voigt profiles.

well suited for precision spectroscopy because the source fsrom the Bragg law

stationary, spatially narrow<t 70 um), operates in the low-

collisional limit (ng=5x10" cm3), and produces highly )\=2d(sin o— S(N)

charged ions with very low ion temperature {0 eV) [17— sin 6

19]. Magnesium is injected into the trap by the metal vapor

vacuum arc metho@20] and is successively ionized by a the wavelength\ of the transition can be determined pro-

85-mA, 5-keV electron beam. The beam energy is wellvided the lattice spacing of the crystal is known. Heré(\)

above the 1762-eV ionization potential of heliumlike ¥ is the wavelength-dependent deviation of the x-ray refraction

Radial ports allow direct line-of-sight access to the trap andndex in the crystal from unity, typically of order

observation of the x-ray emission produced by the excitatiod0 *—10">. The use of a quasimonolithic setup thus allows

of the magnesium ions colliding with the electron beam. & measurement of the wavelength of an x-ray line without
The line emission from MY* was analyzed using a the need for x-ray wavelength standards by measuring the

vacuum crystal spectrometer designed for observing soft-xdisplacement of the two spectral images.

ray emission at large Bragg angles and with very high reso- The lattice spacing of the crystals had been measured

lution [21]. For the present measurement, the spectrometéﬁ|ative to optical standards in a calibration chain that pro-

employed a quasimonolithic setup with two quartz crystalsduced a value of 0.425 495X 10"" nm at 293.15 K

and a position-sensitive gas proportional counter with d22]. Combined with the determination &fto within 1 um

4-um thin polypropylene window for recording. The face of performed in[22], this enables a wavelength determination,

the detector was arranged perpendicular to the incoming ¥ principle, with an accuracy better than 1 ppm. In the

rays to avoid line broadening caused by parallax in the 1-cmPresent measurement, the measurement accuracy, however,

deep detector. is limited by counting statistics. The uncertainties associated
A detailed description and characterization of the quasiWith the value of the lattice spacing or the spacer length are,

monolithic crystal setup was given in RéR2]. Briefly, it by comparison, negligibly small.

consisted of two 4820x2.5 mn' parallel quartz plates Because in our method the wavelength of a given line is

with the orientation(1010) that are mounted onto each side inferred from the measured displacement of its two images,

of a quartz glass spacer with length=30 mm and cross an accurate calibration of the position-sensitive detector is

section 1x 15 mnt, as illustrated in Fig. 1. The quartz necessary. We accomplished such a calibration with a colli-

plates are attached to the spacer by optical contact. A vertichated, 100«m-wide >*Fe source mounted on a micrometer

displacement of 4 mm allows a simultaneous illumination ofdrive that was moved in 20 steps, each 1.27 mm apart over

both crystal plates. the active area of the detector that corresponded to the loca-
The quasimonolithic arrangement produces two spectrdion of the Mg lines. The dependence of the channel position

images on the detector. The separation of the two image@f the detector versus the source position was fitted with high

depends on the length of the spacer and the Bragg angle accuracy by a fourth-order polynomial.

of the reflection, i.e., on the wavelength of a spectral line. By

measuring the separatigh of the two spectral images of a Ill. SPECTRAL MEASUREMENTS AND ANALYSIS

particular x-ray line and knowing, the angled of reflection

can be determined, as detailed in R&£]. In fact, the quan-

tities are related by

. 2

A spectrum of the Py,— 15y, and s,— 18;), transi-
tions in Mg''* is shown in Fig. 2. The Bragg angle of the
measurement was close to 82°. The two images of the
5 Lyman- doublet shifted in relation to one another due to the

Ca A diffraction at the two crystal plates of the quasimonolith are
sinf=\/1—|=] . (1) ; : )
clearly seen in the figure. A total of six spectra were ob-
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TABLE I. Comparison of measured and calculated wavelengths

.84 T T T T T T T T T T T e H
0.8430 ® Mg Ly of the Lymana transitions in Mg**.
1
O Mglyo, |
Wavelength Lymane, Lyman-,
0.8425r----q--------Tr----oodpomoo oo % ------- % --------- - measurement 0.841 8(®.000 02 0.842 56 0.000 04
—_ theory* 0.841 92 0.842 46
E 0.84250 nm |
= aReferencd6].
0.8420 . ) )
R EEE EEETEEEEL (SRR E ------- E ——————————— measured peak separations and, to a much lower amount, in
i 0.84190 nm | the temperature determination. Uncertainties in the crystal
parameters are more than one order of magnitude smaller
0.8415 _— and are insignificant. The uncertainties in our wavelength
1 2 3 4 5 6 determination correspond tariconfidence limits.
number of measurement
FIG. 3. Results of the analysis of six Mg spectra and weighted IV. DISCUSSION

average. Error bars represent tonfidence limits. Our measured values are in good agreement with the val-

ues calculated by Johnson and J@&f, as seen in Table I. A

Better comparison with theory is given if we consider only
, the Lamb shift contributions. Because the transition energy is
the sum of the Dirac energy for a point nucleus and the
Emb shift contribution, the latter can be inferred from our

tained, representing a total of about 32 h of actual measur
ment time.

Each of the four emission lines of the “double spectrum’
was fitted with a Voigt profile, as illustrated in Fig. 2. The fit
procedure used the weighted least-squares method. The
considerably aided in a precise determination of the peal
position. This is especially important because the count ratg
on an EBIT source is generally small. The error involved

easurement by subtracting the Dirac energy calculated in
ef.[6]. This procedure is possible because the Dirac energy
an be calculated for hydrogenic ions with very high accu-
racy. The results are 0.246.044 and 0.3510.070 eV for

Wypically contrbutes the most to the overall uncertainty. Thist"® L&D shiftcontrbution to the Lymay and the Lyman-
is demonstrated by the fact that the precision of the peaﬁ'2 ' P Y

distance is slightly better for themd,,— 18, , transition than standard & confidence limits. These values need to be com-
for the 2pq,,— 15, transition due to the higher number of
counts determining the former. A summary of the wave-
lengths inferred from the measured displacements is given in
Fig. 3.

We note that in calculating the wavelengths from the

(a)

measured displacements we included two important correc- 1.00 - -
tions. First, the calculation was done iteratively for an exact
correction of the wavelength-dependent refraction. For this,
the corrections was expressed as
0.10 |- —

S(N) =S\ + S. 3)

We take 6,=6X10 4 nm ! and §,=—2.61x10 * [23].
This is valid in the wavelength range 0@ =<0.85 nm,
where the linearization errax\/A~2.2x 10" is negligible.
Disregarding the refraction correction generally results in
systematically too small values for the wavelengths being
determined. The differences in this case are abe@

X 10™4 nm.

The other correction we included was that for the thermal
expansion of the crystal and thus of its lattice spacing. The
temperature of the crystal was monitored with an accuracy of
0.3 K, but differed between measurements by more than 1 K.
This temperature influence was corrected by taking into ac-

count th_es tetnlperature _expgnsion Coeff_icient of quartz at FIG. 4. Comparison of measured and calculated Lamb shift con-
1.37x10> K™~ for any direction perpendicular to the crys- gipytions: (a) Lyman-, and (b) Lyman-,. Theoretical values

tallographicc axis[24]. _ (solid lineg are from Ref[6]. Values for Md'" are present mea-
In Table | we summarize the measured wavelengths of theurements, for §* are from Ref.[7], for CI!6* are from Refs.

Mg'*" Lyman- lines. The values represent the weighted[8—10], for Ar'™* are from Refs[11—13, for F€5* are from Refs.
mean of the six data values shown in Fig. 3. The uncertainty14,15, and the measured value fori is from [16]. Error bars
limits mainly represent the statistical uncertainties in therepresent & confidence limits for most measurements.
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pared to the calculated values 0.281 and 0.283[@\re-  vided the appropriate crystals are available. This is important
spectively. The weighted average of our measurements isecause Lamb shift measurements have not been performed
0.276+=0.037 eV. This tests the calculated average of 0.282or most elements. The EBIT technique allows such mea-
eV to within 13%. surements virtually without the systematic uncertainties,
A comparison of the inferred Lamb shift contributions to such as Doppler shifts or satellite contamination, that have
the Lymane; and the Lymanz, transitions with theory is limited the accuracy of many such measurements from other
given in Fig. 4. This comparison includes all known mea-sources. Unlike tokamak or accelerator-based measurements,
surements in the ranges8&<30. The comparison verifies which typically have very high count rates, the accuracy of
theory within the experimental uncertainties. It also showsour present measurement was limited mainly by the counting
that our Mg measurement represents the only measuremestiatistics. The accuracy can be improved in the future to
of Lamb shift contributions in the range 0.08—0.80 eV. values below 10 ppm, as the technique is further developed
The present measurement made use of an absolutely catb include higher count rate efficiencies of the spectrometer
brated quasimonolithic crystal setup for absolute wavelengtiand higher x-ray from the EBIT, resulting in 4-5 times
measurements. Past wavelength measurements on the EBBhger effective exposure times.
have been made relative to reference lines from other highly
charge_d ions generated situ._ Typically, hyd_rogenic refer- _ ACKNOWLEDGMENTS
ence lines were used for this purpose. This procedure evi-
dently precludes measuring the wavelengths of hydrogenic This work was performed in part by Lawrence Livermore
lines. The present technique thus opens the possibility tdlational Laboratory under the auspices of the U.S. Depart-
perform absolute measurements of any x-ray transition proment of Energy under Contract No. W-7405-ENG-48.
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